Introduction
In Recent years and owing to the rapid decline of fossil fuels and increase in global warming, the attention is diverted towards the adoption of renewable energy sources such as wind, solar, biomass, geothermal and small hydroelectric. Wind is an abundant source of energy worldwide and is playing a vital role for electrical power generation compared to other renewable sources 1, 2 . Because of the randomness of wind speed in different areas, a flexible electric generation system is required to maintain constant frequency voltage and stable Field oriented control still the most commonly used control for DFIG system by using the classic Proportional Integral (PI) regulators 5, 6 . However, this method is more complex and difficult to maintain desired performances because it requires many parameters of the motor 7 .
Nowadays, direct control techniques for AC machines have found many interests due to their simplicity and high dynamic performances. Direct torque control (DTC) was first introduced by I. Takahashi in 1985 8 . the DTC directly controls the developed torque by the machine with the use of torque and flux information and selects the best voltage vector using a switching table. In 1988, the direct self-control (DSC) was developed in Germany by M. Depenprock 9 . After that, direct power control (DPC) was developed and presented in 1998 by T. Noguchi 10 ; it's based on the same control principles as the DTC technique, the unique difference is the directly controlled variables. In the case of the DTC, the electromagnetic torque and the rotor flux are directly controlled while in the DPC, the stator active and reactive powers are controlled 11 .
Conventional direct control techniques of induction motors utilize hysteresis controller to compensate their errors. Due to the use of hysteresis controllers, conventional direct controllers suffers from high ripples and also switching frequency is variable. To overcome these disadvantages many improvements have introduced to Direct Control techniques such as Direct Control with Space Vector Modulation (DC-SVM). In addition, employment of intelligent control strategies has been swept all areas and applied in different industries, among them artificial neural network, the fuzzy logic control (FLC) and sliding mode control (SMC) have been used successfully for DFIG control 12 .
The aim of this paper is to design and compare two different control methods for the rotor side power converter (RSC) and grid side power converter (GSC). For the RSC, direct torque control strategy (DTC), constructed around two hysteresis controllers, provides flux and torque regulation. For the GSC, direct power control (DPC) based on two hysteresis controllers regulates the instantaneous real and reactive power injected into the grid. These two classical control strategies are compared with DTC based on Space Vector Modulation (DTC-SVM) and fuzzy DPC (F-DPC) respectively.
The rest of the paper is organized as follows: Section 2 and 3 describe the model of wind turbine and the description of the MPPT algorithm. Section 4 presents the model of the DFIG. The design methodology of the classical DTC and DTC-SVM for the DFIG is presented in Section 5. Section 6 overviews the conventional DPC and presents the Fuzzy-DPC for the GSC. The simulation results are presented and discussed in Section 7. Finally, conclusions of the paper are presented in Section 8.
Modeling and control scheme of the DFIG based WECS
The WECS used in this work is depicted in Fig. 1 . It consists of a wind turbine, a gearbox, a DFIG and two back-to-back two-level converters. The WECS control system consists of two main blocks: the RSC control and the GSC control. The objective of the RSC control is to decouple the active and reactive powers of the stator. In this paper, DTC-SVM is used to control the RSC. In DTC, it is possible to control machine flux and electromagnetic torque by the selection of the optimum inverter switching modes. The GSC controller, based on DPC, regulates the DC voltage and controls the power flow from the rotor of the DFIG to the grid 13, 14 . 
Modeling of the wind turbine
According to the aerodynamic characteristics of wind turbine, the output mechanical power is given by 15, 16 .
Where is the air density (kg/m 3 ), is the turbine radius (m), is the wind velocity (m/s) and is the power coefficient defined as the ratio of the turbine power to the power of wind stream. This definition shows that power coefficient is a function of the tip speed ratio (λ) and the blade pitch angle (β), being tip speed ratio the ratio of the speed at the tip of the blade to wind velocity 17 .
.
In general, the aerodynamic torque of the wind turbine can be expressed as . Table I gives the parameters C1 to C6. 
Maximum Power Point Tracking (MPPT) technique
Maximum power point tracking (MPPT) strategies play an important role in wind power conversion systems (WECS) because they maximize the power extracted from the wind, and therefore optimize the conversion efficiency. Two strategies are commonly used [22] [23] [24] , based on whether speed control is used or not. In this paper, the MPPT with speed control is used as it permits to adjust the wind turbine speed to the desired value which corresponds to the maximum power extraction. The power extracted from the wind is maximized when is optimal. This optimal value of occurs at a defined value of the tip speed ratio . For each wind speed, there is an optimum rotor speed where maximum power is extracted from the wind. Therefore, if wind speed is assumed to be constant, the value of depends only on the rotor speed of the wind turbine. The variability of the output power from the wind generator implies that, without special interface measures, the turbine will often operate away from its maximum power point. The associated losses can be avoided by the use of an MPPT controller which ensures that there is always maximum energy transfer from the wind turbine to the grid [25] [26] [27] .
The simplified representation of wind turbine model with speed control is given in Fig.2 . The maximum value of CP (CP max = 0.48) is achieved for β = 0 and for λ = 8.12. To achieve this step, the value of the electromagnetic torque reference is set at the maximum value given by 2,28,29
: 
The stator and rotor flux are given as: 
Direct Torque Control of RSC
This section presents the synthesis of two DTC control strategies for the RSC, based on two-level inverter topology, to improve the energy efficiency and performance characteristics of the variable speed wind turbine driven by the DFIG. The two DTC control strategies considered are the classical/conventional DTC and a DTC based on SVPWM control with fixed frequency defined by a parallel control structure 32 . DTC was introduced by Takahashi (1984) in Japan and then in Germany by Depenbrock (1985) [33] [34] [35] [36] [37] [38] and has proved to be a powerful method for the control of induction machines. As compared to stator flux oriented control or field oriented control (FOC), DTC implementation minimizes the use of machine parameters 32, 9, [39] [40] [41] [42] while conserving the merits of fast transient response characteristics, it provides a systematic solution to improve operating characteristics of the machine and voltage inverter source 43 . DTC method is based mainly on instantaneous space vector theory.
The application of DTC to the DFIG has been discussed in 13, 37, [44] [45] [46] [47] [47] [48] [49] [50] . The basic principle consists of 
The magnitude of the rotor flux is estimated from its components along the α and β axes 53, 29, 37, [44] [45] [46] [47] [48] [49] 51 .
The amplitude of the rotor flux vector can be expressed by:
The angle α of the rotor flux r  is determined by:
Estimation of the electromagnetic torque
The electromagnetic torque can be estimated starting from the estimated value of the flux 
Select the sector where the rotor flux vector belongs is essential. r  is contrlled by a two-level hysteresis regulator as shown in Fig. 4 ,where the flux amplitude must be increased (K=0) an (K=1) to decrease it. 
Switching Table:
The following table II presents selection of appropriate vector applied to the rotor side converter. This table permit to control the rotor flux and the torque 13, 29, [44] [45] [46] 51 .
Generally, there are two methods to reduce the torque and flux ripples in the DTC-controlled drives. The first is to use a multilevel inverter or multi cell inverter 42, 56, [59] [60] [61] ; which provides a more precise control of the torque and flux. However, the cost and complexity will be increased because more power switches are used; they are mainly used for high voltage applications. The other method uses space vector modulation (SVM). In the DTC-SVM, the torque ripple and flux ripple can be reduced with fixed frequency 52, [62] [63] [64] . In this work, the proposed DTC is based on space-vector pulse width modulation (SVPWM).
SVPWM is an advanced PWM technique now widely used in industrial variable frequency drives aplication.
SVM provides a better fundamental output voltage, better harmonic performance, and is easy to implement 65, 66 .
Compared with sinusoidal pulse width modulation (SPWM), SVM is more suitable for real-time implementation since the obtainable DC voltage utilization ratio can be considerably increased [67] [68] [69] [70] .
The basic concept of DTC with Space Vector Modulation (DTC-SVM) 32, 52, 71 for the control of a DFIG is illustrated in Fig. 8 . 
Direct power control of GSC
In a DFIG-based wind turbine, the main objective of the grid side converter GSC is to maintain a constant DC link voltage and to control the flow of the power delivered to the grid. In this work, Direct Power Control (DPC) is used to achieves these control objectives.
DPC is based on the same control principles as DTC. The only difference is in the directly controlled variables.
In DTC, the electromagnetic torque and the rotor flux are the directly controlled variables, while in DPC, the active and reactive powers are directly controlled by selecting the optimum switching state of the converter [83] [84] [85] [86] [87] .
DPC based on the instantaneous active and reactive power control loops was developed for controlling PWM rectifiers connected to the network 88 . In this technique, there are no internal current control loops and no PWM modulator block. The PWM voltage source converters switching states is determined by a switching table based on the instantaneous errors between the actual and estimated values of the active and reactive powers. Fig.9 shows the configuration of the direct instantaneous active and reactive power control for a three-phase PWM rectifier 89, 90 .
The instantaneous active ( ) and reactive ( ) powers are estimated using voltage and current measurements, and compared to their references * and * respectively. Reference * is provided from the PI regulator of the DC voltage controller block whereas reference * is set to zero to achieve a unity power factor. The instantaneous errors between the actual and estimated powers are controlled directly with hysteresis controllers and a lookup table like the one used in DTC 63 .
Fig. 9: Bloc diagram of DPC for Grid Side Converter
The error signals , . and voltage phase angle are fed to the switching table (Table III) 
Hysteresis Controller
The main idea behind DPC method is to maintain the instantaneous active and reactive power within a desired band. DPC consists of two hysteresis comparators whose inputs are the errors between the reference and estimated values of the active and reactive power respectively 92 :
The hysteresis comparators provide two logic outputs and . The state "1" corresponds to an increase of the controlled variable (p and q) while "0" corresponds to a decrease.
Where and p q h h denote the hysteresis bands.
Fuzzy Direct power Control:
A block diagram of the proposed fuzzy direct power control (Fuzzy-DPC) technique is shown in Fig. 11 . 
The inference method used is based on Mamdani min-max rule. The membership functions of the input and the output variables are shown in Fig. 12 . With seven fuzzy sets labeled: negative big (NB), negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive medium (PM) and positive big (PB). The resulting rules are presented in Table IV . 
Simulations results
The WECS used in these simulations is based on 10 kW wind turbine and a 7.5 kW DFIG connected to the grid and the model is implemented in Matlab /Simulink environment. The parameters values used in the models are presented in the Appendix.
The wind speed profile used in these simulations is shown in Fig. 13 (a) . For the simulated wind turbine model, the maximum power coefficient , 0.48 and the optimal tip speed ratio 8.1 (Fig. 13 (c) and (d) ). The results obtained with DTC-SPWM are shown in Fig. 16 . From Fig. 16(c) , the trajectory of the rotor flux vector, it can be stated that the rotor flux vector rotates with a constant magnitude and with small oscillation.
Overall, the DTC-SVPWM with a two-level inverter resulted in a better performance with a significant reduction in the torque and flux ripples and a rapid system response. To implement the space vector PWM, the abc reference of the voltage equations can be transformed into the stationary αβ reference frame 97, 98 . 
The The rest of the period spent in applying the null vector. For every sector, commutation duration is calculated.
The amount of times of vector application can all be related to the following variables [107] [108] [109] .
The three variables are given by the following equations:
    
B.2.d. Calculation of T1 and T2
The application durations of the sector boundary vectors are tabulated as follows 109 
:
In this step, the determination of the times 1 2 and T T for each sector from the values of X, Y and Z according to the Table VIII   110 . (Table IX) 110 . 
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